This paper presents a progress report on the U. S. research which has been designated as collaborative research with the Soviet Union to study the biological effects of nonionizing radiation on the central nervous system, behavior, and blood. Results of investigations to study the effects of microwaves on isolated nerves, synaptic function, transmission of neural impulses, electroencephalographic recordings, behavior, and on chemical, cytochemical and immunological properties of the blood are presented. Specifically, the effects of microwave exposure on chick brain and cat spinal cords, on EEG patterns of rats, on behavior of neonatal rats exposed during development, on behavior of adult rats, on behavior of rhesus monkeys and on the pathology, hematology, and immunology of rabbits will be reported in a summary format. Much of the information is new and has not been published previously.
Introduction
In December 1976, the United States and the Soviet Union agreed to include in the collaborative program on environmental health the problem area, "Study of the Biological Effects of Environmental Physical Factors." The first topic to be included in this problem area was the effects of nonionizing radiation on the central nervous system and behavior. Presently, the major portion of the cooperative research is concerned with the biological effects of microwave radiation. Research Adey at UCLA has been studying the effects of electromagnetic radiation on brain cells of cats and chicks (1) . He and his colleagues have found that weak sinusoidal electric fields modify the calcium efflux from freshly isolated chick and cat cerebral tissues bathed in Ringer's solution at 36°C. Following incubation (30 min) with radioactive calcium (45Ca2+), each sample, immersed in fresh solution, was exposed for 20 min to fields at 1, 6, 16, 32, or 75 Hz, with electric gradients of 5, 10, 56, and 100 V/m in air. 45Ca2+ efflux in the solution was then measured in 0.2 ml aliquots and compared with efflux from unexposed control samples. Field exposures resulted in a general trend toward a reduction in the release of preincubated 45Ca2+. Both frequency and amplitude sensitivities were observed. Maximum decreases occurred at 6 and 16 Hz (12-15%). Thresholds were around 10 and 56 V/m for cat and chick tissues, respectively (Tables 1 and 2 ). Similar but nonsignificant trends occurred during other field exposures. All results were statistically compared with matched samples of controls. Tissue gradients could not be measured, but estimates were of the order of 0.1 ,uV/cm. It is important to note that the susceptibility of the electrochemical equilibrium in the neuronal membrane is dependent upon both frequency and amplitude of the sinusoidal field. Although 6 and 16 Hz fields at 56 V/m produced a significant effect, 100 V/m fields did not produce a significant effect. As a result of these studies, Adey and his colleagues (2) have exposed neonatal chick brain to amplitude-modulated 147 MHz vhf fields of a power density of 1-2 mW/cm2 and measured the effect on 45Ca2+ efflux from the isolated forebrain (Fig. 1) . The results show that for tissue bathed in physiological medium the unmodulated radiations and fields modulated at 0.5 and 3 Hz failed to induce any significant changes in the 45Ca2+ efflux, by comparison with unirradiated control brains (three repetitions, 30 samples for each condition). By contrast, there was a progressive increase in the 45Ca2+ efflux from the brains exposed to the fields modulated at 6 Hz (40 samples, lO.l%, p < 0.05), 9
Hz (30 samples, 14.3%, p < 0.05), 11 Hz (50 samples, 16.0%, p < 0.01), and 16 Hz (80 samples 18.5%, p < 0.01). These effects gradually decline at higher frequencies. Exposures to 20-Hz sinusoidal modulation lead to a small increase of the 45Ca2+ efflux (30 samples, 9.5%, p < 0.05). The results obtained with 25-Hz modulation (30 samples, 6%) were not statistically significant, and the fluxes observed with 35-Hz modulation did not differ from the controls.
The results with poisoned brains were identical to those observed simultaneously for the samples bathed in physiologic solution. The field effects observed previously were not altered by cyanide treatment, which strongly suggests that the 45Ca2+ effluxes from the cerebral tissues are independent of any ongoing metabolism. Cats have also been exposed to 147 MHz fields of power density 1 mW/cm2, amplitude-modulated at brain wave frequencies. A strong influence on spontaneous and conditioned EEG patterns were observed. The hypothesis was offered that the weak electrical forces induced in the brain were modifying the excitability of the central neurons and that these changes were reflected in the recorded transient EEG episode.
Experiments have also been performed using 450 MHz radiation amplitude modulated at 16 Hz to exposed chick brain (Table 3) . Again it is important to note that significant increases in 45Ca2+ efflux occurred at exposure levels of 0.5 mW/cm2 and 1.0 mW/cm2, but did not occur at the higher exposure power densities of 2 and 5 mW/cm2.
In the laboratory of NIEHS (3), the spinal cords of cats were directly exposed to 2450 MHz CW microwave radiation in order to study the effect on reflex response and synaptic function (Fig. 2) . The exposure power densities were 10 and 20 mW/cm2. The exposure period was for 30 min and the control period was 30 min.
The sciatic nerve was stimulated by 0.05 msec, 2.0 V, pulses delivered from pulse generator. The stimuli consisted of short trains of nine pulses at 500 Hz, repeated at 5-sec intervals (Fig. 3) . The , and 20 began and ended with a control period; the other three began and ended with an exposure period. There was no second peak data for experiment 18. Numbers in parentheses refer to total number of observations. Within-and between-period effects are defined in text. N. S. = not significant.
Only the first and second reflex responses in the trains were analyzed statistically. However, from inspecting records there appeared to be no change in the amplitudes of the late responses in the trains either (Fig. 3) . It seems, therefore, that the degree of fatigue of synaptic transmission was not influenced by the irradiation.
Project 2. EEG Investigations in Animals Exposed to Microwave Radiation
Research to determine the effects of microwave radiation on EEG has been conducted by Lawrence Rosenstein of the Environmental Protection Agency (EPA). Sprague-Dawley rats were exposed at 12 days after breeding to 425 MHz radiation at a power density of 10 mW/cm2 or at 6 days after breeding to 2450 MHz radiation at a power density of 5 mW/cm2. The exposure continued through parturition, at which time the offspring were irradiated through 92 days of age. The 2450 MHz exposure group contained 12 dams and the 425 MHz group contained 6 dams with sham controls for each frequency having identical population numbers.
At 140 days of age, rats from both the 425 MHz and 2450 MHz exposure groups were evaluated for neurological deficits. The electrodiagnostic techniques used were measurements of spontaneous Environmental Health Perspectives electrical activity (the electroencephalogram or EEG) and the visual evoked response (VER) using a photostimulus.
Three derivations were used for recording the EEG and the VER. They were the right occipital versus the midfrontal, left occipital versus the midfrontal, and right versus left occipital. Histogram and power spectral analyses were performed on spontaneous EEG segments appearing to be free of artifact. The VER was analyzed using signal averaging techniques.
For both exposure regimes, no statistical difference could be detected between controls and treated rats, particularly with the typical clinical frequency bands (a, 8, 6, f8 ). This was true for the time interval and power spectral analyses. Using stepwise discrimination analysis for the VER, it also was not possible to discern any significant differende between control and treated groups. Lawrence Reiter of EPA used Sprague-Dawley rats which were treated as specified in Project 2 to study the effects on reflex development and locomotor activity. Reflex development including startle response and righting reflex as well as age at eye opening were measured in neonatal animals during the first three weeks of life. No treatment differences were observed at either frequency.
Locomotor activity was measured in adult animals in a residential maze at both 120 and 240 days of age. The residential maze allows for the measurement of ambulation over extended periods of time (either two days at 120 days of age or one day at 240 days of age). No consistent effects on locomotor activity were observed with either treatment.
Michael Gage of EPA has studied the effects of single exposure to 2450 MHz microwave irradiation on rat behavior. Eight adult, male, Sprague-Dawley rats weighing between 284 and 439 g were subjects in this experiment. All rats but one had been exposed many times to microwaves over a wide power density range before the data reported here were collected. Rats were irradiated individually with 2450 MHz CW microwaves in an anechoic chamber under far field conditions. During exposures, an environmental temperature of 22°C and a relative humidity of 50% were maintained by a feedback control system. The power densities used in the exposures were 0, 0.5, 1, 5, 10, 15, or 20 mW/cm2 for overnight periods lasting 15 hr and 0, 0.5, 1, 5, 10, 15, 20, 25, or 30 mW/cm2 for periods lasting 55 min. All rats were exposed to every level of exposure for each of the durations.
The behavioral test used was a fixed ratio schedule of reinforcement. The animals were trained to alternately press each of two levers on the front panel of an operant conditioning chamber a fixed number of times to receive a 45 mg food pellet. Five of the rats were required to alternate between the levers 33 times and the other three 11 times for each food pellet. The rats had extensive practice performing the alternation task before the microwave exposures were begun. Behavior testing sessions lasted one half hour and were conducted daily. Behavior testing of exposed rats occurred 5 to 10 minutes after irradiation was terminated.
The results of this experiment indicated that microwave exposure can produce alterations in learning behavior of animals in direct relation to power density of exposure (Fig. 4) . Increased power densities led to decreased performance. Microwave exposure did not alter the pattern of lever pressing. The behavioral decrement was more pronounced after 15 hr exposure than after exposures lasting only 55 min. Exposures to 15 and 20 mW/cm2 for 15 hr significantly suppressed the rate of bar press alternations, but exposures to the same levels of microwaves for 55 min did not suppress the behavior to such a large degree. However, there was a trend towards decreased behavioral performance after both exposure durations which began with power densities as low as 5 mW/cm2. (Tables 6 and 7) . Using a two-sided Mann-Whitney U-test to evaluate significance, the albumin, calcium, and eosinophil percentages were lower in the exposed animals.
Necropsies were performed on all animals and tissues for histopathology were fixed in 10%o buffered neutral formalin. Tissues selected included tongue, esophagus, trachea, lung, heart, liver with gall bladder, stomach, small and large intestine, spleen, thymus, kidney, urinary bladder, testes, skin (ear), brain, thyroid, pancreas, adrenal, pituitary, sternum (for bone marrow) and muscle (thigh).
Organ weights were obtained on the heart, lung, liver, kidney, adrenal, thyroid, pituitary, brain and testes. A portion of spleen was taken aseptically for immunological studies. No lesions were observed at necropsy. Microscopic examination of formalin fixed tissues did not show any lesions referable to microwave exposure. No significant differences were observed between the organ weights of the exposed and control animals. Bone marrow examinations showed an abnormal myeloid/erythroid ratio when exposed animals were compared to control. The mean myeloid/erythroid ratio of the exposed and control animals were 1.80 + 0.15 and 1.20 + 0.22, respectively.
The spleens of the animals were used to obtain lymphoid cells in order to study the effects on immunological response. Three mitogens, phytohemogglutinin (PHA), concanavalin A (ConA), and pokeweed mitogen (PWM) were used to stimulate the cells. The rate of cellular DNA synthesis was measured by the incorporation of 3H-thymidine. Table 7 . Hematological and urine parameters measured on the rabbits.
